Introduction
The predominant aetiology of abdominal aortic aneurygms (AAA) is thought to be an ongoing weakening of the aortic wall. Two principal constitutive elements contribute to aortic wall structure, collagen and elastin, which play different roles in maintaining wall integrity and elasticity. This is due to their different mechanical properties: elastin sustains the pressure load under physiological conditions due to its high stretching and elastic capabilities, while collagen is involved when additional pressure load is applied to the aortic wall, and it reacts with a stiffer behaviour in order to maintain the aortic diameter within physiological acceptable values. In AAA, a reduction of the thickness of the aortic wall due to elastin and collagen degeneration is observed. 1-6 Moreover, the alteration of the haemodynamic milieu causes recirculation and stagnation, which may contribute to the formation and progress of an endoluminal thrombus.
The stability of an AAA is linked to the aortic * Please address all correspondence to: E. Di Martino, Dipartimento di Bioingegneria, Politecnico di Milano, Piazza Leonardo da Vinci, 32 20133 Milano, Italy.
pressure levels, to the stress patterns in the aneurysm aortic wall and to the shape (fusiform or saccular) of the aneurysm itself. Some of these parameters can be evaluated using diagnostic methodologies such as computer tomography (CT) and magnetic resonance imaging (MRI). These techniques allow the evaluation of some parameters that describe the geometry of AAA, such as longitudinal extension of the aneurysm, aortic diameter, luminal diameter, thickness of the aortic wall and the calcifications of the aortic wall; it is also possible to evaluate the presence of a thrombus and lumen eccentricity. Some of these parameters are used as decisional indices. 7 ' 8 The prognosis of patients with AAA is often critical because of dissection and rupture of the aortic wall, and although the risks of elective AAA repair are decreasing, the choice of the appropriate treatment requires a careful evaluation of the surgical risks versus the risks of rupture of the AAA. Although it has been clearly established that elective resection of AAA gives the patient the best chance of survival, caution must be exercised before advising aneurysm repair for the poor-risk patient. 9-11 The evaluation of rupture risk is based upon geometric information (location and maximum diameter) and the characterisation of the A detailed knowledge of wall stress distribution could allow the prediction of the aneurysm evolution and its eventual rupture, as suggested by the results of a previous work. 13 In this study characterisation of the wall stresses of an axisymmetric aneurysm model was performed using the finite element method (FEM). The presence of the thrombus and the properties of the wall (e.g. presence of atherosclerotic plaque) modified the maximum stress values and locations, the thrombus reducing the overall stress and the plaques causing stress concentration. As for aneurysm geometry, the maximum stresses have been found at the aneurysm neck for larger diameter aneurysms and at the site of maximum dilation for smaller diameter.
Mechanical characterisation of the aortic wall, both physiological and pathological has been described in literature, 14-16 however mechanical characterisation of the thrombus has not. In this work, monoaxial tensile properties of aortic thrombus are documented in order to provide data about thrombus constitutive equation that can be used to implement mathematical models of the AAA mechanical behaviour. Using the experimental results of the mechanical tests, a mathematical analysis has been performed on bidimensional AAA in order to evaluate the role of thrombus and aortic wall mechanical properties and of the eccentricity of the patent lumen, on the stress and strain distribution of the aneurysmatic aortic wall. This model allows us to obtain information about the aortic wall stress and strain distribution on the transversal plane of the aneurysm, which can be useful to complete the data on the longitudinal distribution of aortic wall stresses obtained with the axisymmetric models of the aneurysmJ 3 Longitudinal axis of the aorta Fig. 1 . Shape of the specimens used to perform mechanical monoaxial tests on thrombus material. The thrombus specimens were cut in circumferential direction.
Materials and Methods

Experimental test
Mechanical monoaxial tensile tests were carried out on 21 specimens prepared from aortic thrombus removed from six male patients during elective surgical resection of AAA. In order to perform mechanical characterisation of thrombus material, only well-organised thrombi were selected for testing. Table 1 shows the patient age, the results of MRI examination and the number of specimens tested for each patient. During surgery the thrombus was removed and stored in 0.9% saline solution at 4 °C before testing. All mechanical tests were performed within 24 h of removal. For all patients circumferentially cut specimens were obtained from the thrombus. A custom designed die whose shape is shown in Fig. i The thickness of each specimen was evaluated using a micrometer gauge; the average specimen's crosssection was 14.5 +3 m m 2. The samples were gripped by ribbed clamps to prevent them from slipping during the test. Figure 2 shows a photograph of a luminal portion of a thrombus with a specimen circumferentially cut. Engineering tensile strain (s) was calculated as ~ = AL/Lo where Lo is the original zeroloaded grip distance and AL is the grip displacement from the zero-load position. Engineering tensile stress (~) was calculated as cy=F/Ao where F is the applied force, and Ao is the original sample section.
Numerical simulation model
A mathematical model of the transverse section of the aneurysmatic wall with the endoluminal thrombus was studied. The 2D simplified model allowed us to evaluate how lumen eccentricity and mechanical properties of the thrombus and of the aortic wall affect the investigated variables (the aortic wall stress and strain). The reference 2D model can be described by four variables: external diameter of the aorta, aortic thrombus.
wall thickness, diameter of the lumen and eccentricity of the lumen. The study was performed assuming the following constant values as a reference unloaded configuration: aneurysm diameter 2Raorta = 5 cm, lumen diameter 2R1 . . . . = 1.5 cm and aortic wall thickness s = 2 mm. The eccentricity (0-15 ram) was used as a parameter for the analysis to investigate its role in wall stresses development.
An additional model was developed modifying the eccentricity axis with respect to the spine by 90 ° . This occurrence is not frequent in clinical practice, but it is interesting to compare its influence on the stress distribution results. Table 2 resumes the aneurysm models analysed. In this table the eccentricity of the lumen is identified as the distance between the centre of the aortic vessel and the centre of the patent lumen. Figure 3 shows a schematic representation of the model and the finite elements used for the structural analysis. The model is made of quadrilateral isoparametric elements with four nodes for both the aortic wall and the thrombus: a total amount of 223 elements were used for the wall in the different models and about 920 elements were used for the thrombus. The b o u n d a r y conditions consist of a two degrees of freedom (DOF) constraint (hinge) simulating the presence of the dorsal spine and a one DOF constraint opposite to the previous one, which allows only radial movements. The load applied to all the models analysed Eur J Vasc Endovasc Surg Vol 15, April 1998 was a normal incremental pressure of 120 mmHg on the internal side of the lumen. Data about the mechanical properties of the aorta come from previous experimental studies. 12"~6-1s Human arterial tissue exhibits non-linear behaviour both in physiological and pathological conditions. In order to evaluate the stress fields on an aneurysmal abdominal aortic wall we used a non-linear stress/ strain characteristic referred to pathological aortic specimens. ~8
Another set of simulations was performed using a linearisation of the aortic wall stress/strain characteristic over a physiological range. The adopted values for these set of simulations were E = 1 MPa for the Young's Modulus and ~=0.5 for Poisson's Modulus. ~2'16'17 This appears to be consistent when dealing with a healthy wall because the stress/strain curve exhibits a large portion of linear elastic behaviour that can therefore be linearised about the working point. The same approach is not feasible when the studied wall is aneurysmal, because the stress/strain curve exhibits a more strict non-linear behaviour due to stiffening at low strain values. A non-linear description of the aneurysmal aortic wall behaviour was therefore used. A comparison can be performed between the results of the two sets of simulation assuming that the non-linear simulation accounts for the aneurysmatic wall characteristics as measured by Roach et aI. 18 and the linear simulation refers to a nondegenerate aortic wall.
For the thrombus the mechanical properties obtained from the experiments previously described were used. In particular, the mean values of the Young Modulus (E) were used with a Poisson's Modulus of 0.5. A sensitiviiy set of analyses was performed to investigate to what extent the wall stresses are modified by different values of thrombus Young's Modulus. In this preliminary work, steady state analyses have been performed to assess the effectiveness of the computational approach. Further studies are being carried out in order to assess the effect of blood pulsatility in the AAA model.
The study was performed using CAD techniques, involving mesh creation, solution of the static analysis By expanding the equations of the non-linear system in a Taylor series about the approximate solution, the method allows a linear system of equation to be handled instead of the non-linear one. For unstable problems a modified Newton method is available in ABAQUS. The latter was used to reach non-linear static equilibrium. The load increment size is determined by this algorithm and it is convergence rate dependent in order to have the best increment each step. 2° Table 3 shows the complete results of the mechanical tests performed. For all samples ultimate stress, strain and Young's Modulus values are reported. Ultimate stress and strain are the measured values for stress and strain at the time of the specimen rupture. Figure  5 shows the Young's Modulus values for all the samples analysed. The range of variability for the specimens' Young's Moduli was 0.05-0.2 MPa.
To present the results of the computational analyses we used stress fields plotted on the geometric model of AAAs and polar diagrams that can resume in a unique diagram the results of different simulations. Polar diagrams represent the maximum deformation or the maximum stress on the aortic wall with respect to an angular position (a) relative to the symmetry axis through the spine. The results obtained from the FEM simulations show that the maximum aortic wall For each specimen a load-displacement curve was ~ 0.2 recorded. Figure 4 shows an example of a load-displacement diagram obtained from patient F. The re-~ 0.15 lationship between load and displacement was found a 0.1 to be linear (r>0.99) for all the patients. Therefore the 0.05 equation governing the thrombus material behaviour 0 is the Hooke relation, in which the proportional constant between stress (¢y) and strain (s) is the Young's Modulus (E), that is ~ = Es. The aim of the analyses was to provide information about the risk of rupture of the aneurysmal aortic wall When geometric and biomechanic characteristics are changed. The maximum tensile strain theory has been demonstrated to give reliable information about the failure of the aortic tissue. 21 Thus the polar diagrams report the maximum circumferential strain on the aortic wall. As for the stress variables, the principal stresses were chosen to correlate with the strain measures. Figures 6 and 7 show the contours of the principal stress fields in radial and circumferential direction respectively, on the aneurysmal aortic wall and on the thrombus at different values of lumen eccentricity. The results of the simulation performed on the model with a concentric lumen showed a uniform distribution of principal stresses on the thrombus and on the aortic wall. The results of the simulations on the eccentric models of the aneurysm showed how, as the thickness of the thrombus reduced, the wall exhibited an increasing stress both in the radial and in the circumferential directions. The maximum stress concentration was localised on the aortic wall corresponding to the area of minimum thrombus thickness. Figure 8 shows polar diagrams representing the maximum deformation of the aortic wall for all the models. Each point of the polar diagram represents the maximum deformation on the aortic wall at a defined angular location and for a defined model. The left side of the diagram refers to the results of the simulations performed for an aneurysmal aortic wall and the right side of the diagram refers to the results of the simulation performed for a normal aortic wall. Figure 9 shows the stress polar diagram for two models with equal eccentricity and different direction of eccentricity. Figure 10 shows the aortic wall circumferential stresses as a function of the thrombus thickness for an aneurysmal aortic wall and for a normal one. The relation between thickness and stress was approximately exponential, indicating that a reduction of thrombus thickness, with a constant lumen diameter, can increase the risk of wall rupture.
Discussion
Clinical observations have suggested that the endoluminal thrombus may play a fluid dynamic role in maintaining fluid physiological blood velocity within the aneurysmal vessel and a mechanical role in preserving the aneurysm wall from rupture. 1~ At the time of surgery the thrombus is observed as an organised or non-organised structure, which affects the mechanical properties. Diagnostic examination (MRI) can sometimes predict its character. = The mechanical experiments performed on thrombus specimens allowed us to obtain elastic properties of this tissue in terms of Young's Modulus values; these values have been used to implement a realistic mathematical model of AAA.
There are two limitations in this experimental study: the small number of samples obtained from each patient and the lack of reliable measurements of specimen thickness. The instruments allow only a poor quantification of specimen thickness because of the non-uniform thickness and non-homogeneous composition of the tissue. As a consequence the measured values for the stresses are affected by the measurements of the cross-section. Nonetheless, consistent characterisation of the thrombus has been attained, as will be discussed later.
Electron microscopy reveals the thrombus structure to be multi-layered. This structure suggests a sequential development of the thrombus, following lumen expansion, in an attempt to normalise physiological fluid dynamic variables, such as pressure and velocity. In turn, the degenerate and dilated aneurysmal aortic wall undergoes wall thickness reduction and tissue degeneration that can lead to aneurysm rupture. The thrombus formation may be therefore involved in two phenomena: on one hand it preserves wall integrity, while on the other hand it maintains the original lumen diameter and hence the previous fluid dynamic conditions. The numerical experiments performed corroborate this hypothesis about the active role played by the thrombus formation in preserving aortic wall integrity by means of a reduction of the stresses acting on the aortic wall itself (Figs 6 and 7) .
The results obtained simulating the absence of organised thrombus show considerably higher values for circumferential aortic wall maximum stress when the aortic wall is aneurysmal (Fig. 10) . The finding that the stresses on the aneurysmal wall are, in absolute terms, less than those calculated for the normal aorta (Fig. 8 ) may be puzzling, but it must be pointed out that the aneurysmal wall is much more rigid due to the elastin degeneration. The stress/strain characteristic for an aneurysmal wall is therefore shifted high enough to enter the non-elastic portion of the characteristic curve itself and therefore avoid substantial aortic wall creep effects. This happens as long as the wall is protected by the thrombus, but as the thrombus thickness diminishes and eventually disappears, a slight increase in the strain causes the stress to increase to critical values.
An index of "rupture" of the aortic wall has been assumed to be related to the vessel deformation. 21 The simulations that we performed have parametric properties. The mean peak pulse pressure value used can be therefore modified in order to provide information about the effect of hypertension on the risk of aneurysm rupture. A critical strain value, beyond which the aneurysmal wall ruptures, has been estimated by performing a failure simulation of AAA. The failure deformation, related to minimum thrombus thickness, is 57% and the related pressure is 250 mmHg. The deformations obtained at a mean peak pressure of 120 mmHg (Fig. 8) can be therefore related to the failure deformation of the aortic wall.
The results obtained by moving the axis of eccentricity of the lumen from the axis through the spine constraint and the vessel centre to a perpendicular axis show that the stress distribution on the aortic wall is equally rotated by 90 ° , as shown in Fig. 9 . This means that, with the constraints given, the thrombus thickness represents the major factor determining the aortic wall stresses. The model appears not to be sensitive to the mechanical constraint imposed by the presence of the vertebral spine. However, this situation may introduce friction between the spine and the aneurysmal wall (instead of a simple hinge constraint), which may contribute to wall rupture.
The Young's Modulus values obtained from the tensile tests on the thrombus specimens ranged between 0.05 and 0.27MPa with a standard deviation that, within the specimens of the same patient, ranged between 0.002 and 0.04 MPa. A sensitivity analysis has been performed modifying the Young's Modulus value on a concentric aneurysmatic model and the maximum absolute values of the stresses on the aortic wall are shown in Fig. 11 . In the same figure the experimental Young's Modulus range of variability is shaded light grey. This diagram shows clearly how the organisation of the thrombus, which is correlated to its mechanical characteristics, lowers the stress on the aortic wall. This effect is greater if the aortic wall is degenerate.
In conclusion, these results show how the presence of the thrombus, the mechanical properties of the thrombus and the eccentricity of the patent lumen influence the aortic wall stress distribution and values. The thicker the thrombus layer, the less the surrounding wall is stressed. The results of this work could be useful in understanding how lumen eccentricity, thrombus properties and aortic wall composition contribute to the natural evolution of AAA and in particular to the events associated with rupture.
